™
P . { dy ﬁ 5 G’." ,?;53.»‘3 e Q;,‘:\ ]

. | . SUL 63-29

NFUBLSGLY §ilihaiiaid

N65 17064 6P PRICE s

(ACCESSION NUMBER) (THRWU) OTS PR'CE(S) $

(Pé/{slé/ (C/DE’
CL 57070 7 | ot copy 0o TID

(NASA CR OR TMX OR AD NUMBER) (CATEGORY) [\
Microfiche (MF) , 75

FACILITY FORM 603

Department of Physics and Astronomy

STATE UNIVERSITY OF IOWA

Iowa City, Iowa




IR su:[-63-29>

?

(WAsA CR-87070 )

A Survey of mGnetospheric,Bamdary'Phenanena*'

by

L. A. Frank and J. A, Ven Allen 0«-7/‘7‘5

7\ @
To be presented at the Symposium on Results of the

IGY-IGC, University of California, Los Angeles.

August, 1963
Department of Physics and Astronamy

State University of Iowa oo/
[ Towe. city) Tova o Ze 2 U -} yer d

*
Supported in part by the Ratiomal Aeronautics and Space
Administration Research Grant NsG-233-6Q.)




TABLE OF CONTENTS

Chagter

Abstmt ....l.....‘........'.‘...'..................'..

I.
II.

II1.

IV,

V.
VI.

ViI.

VIII.

IX.

X.

Intmuctim 0P QA0 QLS 08 STt D OPOLPIPIROIIPOIONOGCOIOSROIGSDS

Camparison of the Treajectories of Several
Space Probes and Earth Satellites ,...csceccevse

Surveys of lLow Energy Particles in the
Vicinity of the Magnetospheric Boundary .....e..

Surveys of Energetic Charged Particles in
the Vicinity of the Msgnetospheric Boundary ....

Low Altitude High latitude Studies ....ccecaeses

Gross Character of Magnetic Fields Near the
Wtospheﬂc Bwnd&r}' A PR EEERNENE NN NNE NN NN NN

The Role of Polarization Electric Fields in
Charged Particle Dynamlcs of the Magnetosphere .,

Shocks, Deformation, and Motion of the
Magnetospheric Boundary ...ecceecsccoscscscscass

Remark on the Dewn-Evening Distribution of

Energetic Electrons in the Oeomagnetic
muatorial Plam 00 0 0082 00T 0000000000000 0000000

&mm I XEXEEEEXEERENF RN EN NN RN X RN I I N NI RN N NN NS EE RN

Biblimphy R X RN R RN IR EX Y RN N N N NN R N NN NN ER SN X

Figlre Captims IR NN NN NN RWEIN NN NN SN NN AN NN R NAE NN

10
1

16

19

e2

25

27

3
37




ABSTRACT /5;?’75

Our concept of the relationship between the cuter limits
of the geamagnetic field and the intexplanetary medium has rapidly
developed over the past few years due to critical experimental
and theoretical examinations of these regions. The flow of solar
plasma around the earth profoundly affects the phencmena of the
distant magnetosphere; these phencmena in turn may be intimately
related to processes occurring near the earth’s surface via the
geomagnetic lines of force. The highlights of our rapidly
expending knowledge of the phencmens in the vicinity of the
interaction between the solar wind and the distant geamagnetic

fleld are reviewed.




I. INTRODUCTION

With the recent edvent of satellites and space probes marked
progress has occurred with respect to our knowledge, both experi-
mental and thearetical, concerning the interaction of the earth's
magnetic field and the solar wind, This interaction is believed
to be closely associated with a variety of geophysical phencmena
such as aurorase, magnetic storms, and iomospheric disturbances
[cf. Chepman and Ferraro, 1931-1933; Akasofu and Chapman, 1961;
Vestine, 1963; Axford end Hines, 1961/. The experimental results
gathered over the past few years gives to us a gross mddel of an
interplanetary plasma streaming radially and irregularly outward
from the sun /Parker, 1958; Neugebauer and Smyder, 1962/,
campressing the earth's megnetic field on the sunward side and
extending 1t on the night side /Chapman and Ferrero, 1931-33;
Johnson, 1960; Beard, 1960/. Evidence /Yreeman, 1963/
exists that indicates & shock /Rellogg, 1962/ is formed
at the sunward boundary of the magnetosphere due to the
supersonic flow of the plasma past the earth's distorted
magnetosphere. Marked spatial asymmetries of charged particle
distributions within and near the magnetospheric boundery
[Freuk, Van Allen, and Macagno, 1963/ in the geamagnetic
equatorial plane with respect to the earth-sun line have been

observed and may be intimately essociated with the flow of solar



plasma in the vicinity of the earth. The experimental studies
of the geomagnetic field in these distant regions of the
magnetosphere have revealed large departures fram an unperturbed
dipolar field /Cahill and Amazeen, 1963; Heppner, Ness, Scearce,
‘and Skillmen, 1963; Coleman, Sonett, Judge, and Smith, 1960/.
Although the present discussion emphasizes phencmena at large
distances in the geomagnetic equatorial plane, the intimate
relationship with low altitude, high latitude geophysical
phenanena via the gecmagnetic lines of force is of crucial
importance in the interpretation of experimental results obtained
in the vicinity of the magnetospheric boundary.

Our purpose in the present discussion will be directed
toward summarizing our present knowledge concerning the immediate
region of this interaction in the vicinity of the boundary of the
earth's magnetosphere, Our intention is not to present a
historical review or to provide a comprehensive bibliography
(adequate references are provided in the literature cited herein);

but we shall review the highlights of the experimental and

theoretical results as a more or less integrated body of information.



II. COMPARISON OF THE TRAJECTORIES OF SEVERAL SPACE
PROBES AND EARTH SATELIITES

The azimuthal asymmetry of the charged particle distributions
apd of the character of the magnetic fields in the geamagnetic
equatorial plane with respect to the earth-sun line beyond
approximately 7 RE is of resounding importence to the interpreta-
tion of experimental results. It is worthwhile to review the
locations with regpect to the earthesun line of those earth
satellites and spa'ce probes which have donated heavily to ocur body
of experimental information in these regions. In Figure 1 are
displayed the projections of the trajectories of several of these
probes onto the gecmagnetic equatorial plane., It is immediately
seen that Pioneers III and IV and Explorers XII and XIV scanned
the dawn side of the maegnetosphere while Iunik II and
Explorers VI, X, and XIV have surveyed the nightside. Indeed, it
should be apparent that Explorer XIV due to its long lifetime
(2 October 1962 to present, July 1963) and apogee of a little
more than 100,000 km has surveyed such a large portion of the
geamagnetic equatorial plene that it may effectively be used as an
important integrating factor in interpretation of the data of the
remaining experiments. The local times at 100,000 km for Iuanik I

(2 January 1959), Pioneer V (11 March to 26 June 1960), and

Pioneer I (11-12 October 1958) /mot shown in Figure 1] were



approximately 0800, 1500, and 1200, respectively /Smith, 1963/.
Of the probes and satellites shown in Figure 1, all but
Explorer X were within approximately 10° of the equatorial
plane for the portioms of the trajectories of interest here.
The geamagnetic latitude of the Explorer X trajectory was

approximately 45°,




III. SURVEYS OF LOW ENERGY PARTICLES IN THE
VICINITY OF THE MAGNETOSPHERIC BOUNDARY

Explorers X and XII and Iunik II have obtained same of the
more important measurements of low energy particles near the
fringes of the magnetosphere. These results are depicted
grap{t"cauy in Figure 2. As was mentiomed previously, the
gecomegnetic latitude of Explorer X was approximately 45°; the
Explorer X data /Bridge, Dilworth, Lazarus, Lyon, Rossi, and
Scherb, 1962/ given in Figure 2have been extrapolated into the
geomsgnetic equatorial plane by the assumption of cylindrical
symmetry about the earth-sun axis in order to obtain the
approximate shape of the magnetosphere on the evening side of the
earth=sun line. The intermittent observation of & plasma and of
simultaneous changes in the character of the magnetic field
beyond 22 RE on the night side of the earth has been interpreted
by the experimenters /Bonetti, Bridge, lazarus, Rossi, and
Scherb, 1963; Heppner, Ness, Scearce, and Skillman, 1963/ as the
result of the boundary of the magnetospheric tail sweeping
intermittently across the trajectory of the Explorer X probe.
Bridge end his collaborators /I962/ report the measurement of a
plasma consisting of protons of approximately 500 eV in energy
and fluxes of the arder of 107-10° (cm® sec)™l just outside the
tail of the megnetosphere and an upper limit of 5 x 10° (enf sec)™t

when the instrumentation wes within the tail. The measurements



of Bridge et al. are in quantitative sgreement with the inter-
Planetary measurements with the Venus probe Mariner II

[Teugebauer and Snyder, 1962/. Gringauz, Kurt, Moroz, and
Shklovskii /I961/ heve measured an intense flux of low energy
electrons in the radial distance range of 61,400 to 81,400 km with
plasma cups on Iunik II at a sun-earth-probe angle (I‘SEP’ for
brevity) of approximately 125° to the east /cf. Freemen, Van Allen,
end Cahill, 1963/ of the earth-sun line. These electrons were
characterized by an average energy of 200 eV or greater and a flux of
approximately 108 (cm2 sec )'l. This measurement apparently
remained unique among the variocus low energy charged-particle
measurements umtil Freeman [1963] reported a large flux of low
energy electrons at LSEP 2 120° to the west of the earth-sun
line with CdS total energy detectors (cme with and one without

a deflecting collimator magnet) on Explorer XII. These

Explorer XII measurements indicated a flux of ~ 108 to

10° (cm2 sec )'l if electrons of an average energy of 10 keV per
electron were assumed., With plasma cups on Mars I (launch,

1 November 1962; local time at 15,000 km, ~ 2100; geaﬁagnetic
latitude at 15,000 km, ~ 50°) Gringauz and his collaborators
[1963] sgain measured an electron flux of approximately the same
magnitude and energy as with Iunik II but over a radial distance
range of 8,500 km to 17,000 km, closer to the earth presumebly

due to the higher geamagnetic latitude of the trajectory. From




the summary of the Iunik II and Explorer XII results in Figure 2,
it is evident that large fluxes of low energy electrons exist

on the night side of the earth and that further experiments with
low energy electron (and proton) detectors are needed in order to
cauplete this survey.

On the sunward side of the magnetosphere Just beyond the
magnetospheric boundary as delineated by the limit of durable
trapping in the geamagnetic field of energetic electroms
(E > 40 keV) and by the coincident observation of the discomtinuity
(termination) in the gecmagnetic field beyond sbout 10 Ry, & per-
sistent layer of electrons of emergy flux ~ 30 ergs (cm2 sterad sec)'l
and of approximately 15,000 km in radial depth has been measured
[Freeman, 1963/. These fluxes were cbserved until the spogee of
Explorer XII had drifted to the dawn side of the earth where the
apogee distance of 84,000 km was no longer sufficient to penetrate
the magnetospheric boundery (see Figure 2). The possible relation-
ship of these electron fluxes with regard to the present theory
of shocks and transition regions 1s discussed later. The
characteristics of the solar wind in interplanetary space distant
from the influence of the earth's magnetosphere have recently
been measured with the Venus probe Mariner II /Neugebauer and
Snyder, 1962/, Typical values recorded were (protons omly were
measured ):

500800 km/sec (bulk velocity)
2.5 (cm)'3
T ~ 2-8x10° °K

~
Q -
~

&




and a fluctuating week interplanetary magnetic field [_Eoleman,

Davis, Smith, end Somett, 1962/
B ~ 5.

These data are indicative of a supersomic plasma flow past the

earth since the AlfVe/n Mach number

(uf m}?n')]'/2 v,
MA = Vo /VA = i ~ T.

A rough estimate of ~2 (cm)™> for the pumber density of
electrons may be obtained by assuming that the ionized solar
plasma is macroscopicelly reutral; the experimental difficulties
of measuring electrons of energy -~ % m, v:‘; ( ~1 eV) are over-
whelming. (The thermal energy of the electrons 1s ~ 100 eV if
equipartition of energy between protoms and electrons is invoked.)
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IV. SURVEYS OF ENERGETIC CBARGED PARTICLES
IN THE VICINITY OF THEE MAGNETOSPHERIC BOUNDARY

Electrons of energy greater than 250 keV which characterize
the ocuter radiation zone are apparently not found in the vicinity
of the magnetospheric boundary. Indeed, it has been shown
recently that fluxes of electrons of energy less than 250 keV
dominate these regions /Frank, Ven Allen, and Macagno, 1963/ .

The fact that sane of the high energy detectors (for example the
heavily-shielded Geiger-Mueller tubes on Pioneers III and IV)
have recarded significant responses in this region is now
attributed to the inefficient intermediate process of bremsstrahlung
production in the walls of the instruments by large fluxes of low
energy electrons /[cf. Frank, Van Allen, Whelpley, and Craven,
1963/. An apperent experimentally ansmolous result existed in
the determination of the radial extent of the gecmagnetically
trapped radiation as determined by similar heavily shielded
Geiger-Mueller tubes (Anton 302's) on Pioneers IIT and IV

[Ven Allen and Frank, 1959 a, b/ end Explorer VI /Arnoldy,
Hoffman, and Winckler, 1960; Hoffman, Arnoldy, and Winckler,
1962/ which returned to galactic background rates (and hence
implied the limit of gecmagnetic trapping) at radial distances
of epproximately 65,000, 90,000, and 45,000 km, respectively.
Although these data were acquired during periods of differing
geamegnetic activity, the large variation in radial extent of



significant response over galactic background rates may be
attributed in large part to their different trajectory directions
with respect to the earth-sun line. Comparison of these data
with the recent results of Explorers XII and XIV in Figures 3, 4,
and 5 confirms the importance of this ezimuthal asymmetry of low
energy electrons in interpreting particle flux measurements beyond
7 RE. In Figure 3 ere shown the 302 counting rate contours as a
function of radial distance for Pioneer III and Explorer XII for
similar trajectories with respect to geamagnetic latitude and
locel time (see also Figure 1); in Figure 4 are displayed the
contours for Pioneer IV and Explorer XIV again with similar
trajectories with respect to gecmagnetic latitude and local time;
and in Figure 5 are displeyed the corresponding data for
Explorers VI and XIV. Lunik I (Mechta) charged particle
measurements /Vernov, Chudakov, Valukov, Logechev, and Nikolaev,
1961/ yielded a result similar to that of Figure k. The agreement
among the various experimental results is thus quite remarkable
vhen viewed with reference to a local time coordinate system.

The higher count rates of Pioneer IV a&s campared to those of
Explorer XIV in Figure 4 may be attributed to large solar and
geamagnetic activity preceding the Pioneer IV flight ﬂan Allen
and Frenk, 1959 ©/. By inspection this body of results indicates
a relative dearth of electrons (E =~ 50 keV) on the night side

of the earth with respect to similar radial distances toward the

sunward side of the magnetosphere,




The results of a comprehensive study /Frank, Van Allen, and
Macagﬁo, 1963/ of the spatial distribution of electroms of
energy E 2 LO keV on the dawn side of the earth-sun line to
geocentric radial distances of 105,000 km in the geamagnetic
equataorial plane with thin-wvindowed (1.2 mg/ cn® mica) G.M. tubes
on Explorers XII and XIV are summarized in Figure 6. Salient
characteristics of this survey of amnidirectional electron fluxes
are:

(1) A general lack of electrons beyond 8 Ry on the night
slde of the earth.

(2) A large "flaring" of the electron fluxes (typically
10° to 10° (cnf sec)™) at dawn and extending beyond the
satellite apogee of 105,000 km.

(3) A sharp bcundary or termination of these electrom fluxes
on the sunward side of the earth at epproximately

10 Rp.

It should be remarked here that during magnetically disturbed
periods the "sverage" contours presented in Figure 6 are
apparently greatly distorted and that the evening contours have
been extended from the dawn side by the assumption of symmetry
about the earth-sun line. This symmetry will be discussed further
in more detail in Section IX. Protons of energy greater than
100 keV have been measured with a scintillation detector on
Explorer XII /Davis and Williamsen, 1962/ and on Explorer XIV
@avis, 19@ in these regions; no azimuthal studies of the proton

intensities at large radial distances have been reported.
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The Mars I space probe data /Vakulov, Vernov, Gorchakov, Logachev,
A. Charakhchyan, T. Charakhchyan, and Chudakov, 1963/ show that

the geocentric radial termination of the flux of 70-80 keV electrons
&8s measured on the night side of the earth ( ~ 2100 locel time)

and at a geomagnetic latitude of ~ 50° was at 15,000 km; it is

of significant interest to campare this high latitude measurement
with the termination of electron fluxes on the night side of the
earth es shown in Figure 6. Just outside the magnetospheric
boundary the Explorer XIV upper limits for the electron

(Ee 2 uo keV) and proton (Ep 4 500 keV) fluxes are

5 x 10° ( cn> sec )1 /Frank, Van Allen, Whelpley, and Craven,
1963/ . Measurements on Mariner II with a similar G.M. detectar

yield /Van Allen and Frank, 1962/ an upper limit of
5 x 101/ (cm2 sec)'l for the sum of proton and electron fluxes of

the above energy ranges. These measurements imply that the large
fluxes of energetic electromns found within the magnetosphere
(see Figure 6) are not contributed directly by an efflux from

the sun without subsequent acceleration in the vicinity of the

magnetosphere,



L

V. LOW ALTITUDE HIGH IATITUDE STUDIES

The intimate association of low altitude high latitude
phenomena with processes !occurring at large radial distances in
the geamagnetic equatoriai plane via geomagnetic lines of force
certainly cannot be neglected. Discussion of related upper=-
atmospheric physical phencmena and surface magnetic field measure-
ments is not within the realm of the text given here, but
interesting surveys are given in Axford and Hines /19617 and
Vestine 1963/, for example. There has been one notable and
interesting preliminary survey /[0'Brien, 1963/ of the high
latitude distribution of trapped electrons (E 2 ko keV) with

an Explorer XIV-type G.M. tube flown on Injun I in a nearly

. circular orbit of 1,000 km altitude with an inclination of 67°.

This survey of trapped electrons revealed the large diurnal

effect (shown in Figure 7) in the limit of the cbservation of
trapped electrons as a function of invariant latitude

A (A =cost (L)Y2), (For definition of the B-L coordinate
system, see McIlwain /1961/.) The termination of trapped particle
fluxes at. locel day was at L ~ 16 and at local night was at

L ~ 8 as displayed by the corresponding limits of the loci of
points indicated in Figure 7 by the solid and broken lines,
respectively. The above low altitude measurements and the equa-

torial plane surveys of charged particle distributions
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(Figures 2 and 6) were used to comstruct the meridianal section
of the magnetosphere which is displayed in Figure 8. Studies of
the latitude distributions of trapped and dumped electrons at
evening and dawn are also of apparent interest. Important
information obviously may be inferred about the dynamics and
energy requirements of the outer magnetospheric system by these

low altitude measurements.
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VI. GROSS CHARACTER OF MAGNETIC FIELDS NEAR THE
MAGNETOSPHERIC BOUNDARY

The dynemical behavior of charged particles in the vicinity
of the magnetospheric boundary is closely interlocked with the
properties of the magnetic filelds in these regions. The gross
character of these magnetic fields /cf. Smith, 1963; Scmett,

1963; Heppner, Ness, Scearce, and Skillman, 1963; Cahill and
Amazeen, 1963/ bas been surveyed in part by Explorers X, XII, and
XIV. Figure 9 displays charged particle and magnetic field
measurements as Explorer XII passes inward through the
magnetospheric boundary at local noon on 13 September 1961
[Freeman, Van Allen, and Cehill, 1963/; there were indicatians

of solar activity a few days previcus to and a sudden comencement
et 1556 U.T. on 13 September. The experimenters have interpreted
these measurements as follows:

(1) The discontinuity in direction, magnitude and general
character of the magnetic field at 52,000 km determines
the radial extent of the earth's magnetosphere.

(2) The observed 1imit of durable trapping of 4O keV electronms
(Spl-SpB of Figure 9) corresponds closely to the dis-
continuity in the magnetic field.

(3)  The magnetic field just inside the boundary has been
coampressed by a thermalized plasma of electrons
(50 ergs (cm2 ster sec )'1) approximately 20,000 km
thick located jJust outside of the boundary; the magnetic
field just inside the boundary is approximately a factor
of 2 larger than the value computed from Finch and Ieaton
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coefficients and is highly disardered outside the
boundary.

(%) A betatron acceleration may have produced an enhance-
ment of charged particle energy within the magnetosphere
near the magnetospheric boundary.

These general characteristics of the sunward magnetospheric
boundary are typical, although often sanewhat attenuated since
there were notleaably disturbed conditions at the boundary in the
above cited case, of the Explorer XII measurements in these
regions /cf. Cahill and Amazeen, 1962/, The results of the
megnetic field measurements with Pioneers I /Somett, Smith, and
Sims, 1960/ end V [Coleman, Sonett, Judge, and Smith, 1960/
vhich also crossed the sunward side of the magnetospheric boundary
were similar in character to those of Explorer XII. A graphical
survey of these results /Bonetti, Bridge, lazarus, Rossi, and
Scherb, 1963/ 1s given in Figure 10. The disardered magnetic
fields of several Ry in radial depth measured by each of these
probes and satellites have been interpreted by various experimenters
as characteristic of a transition region between a shock wave and
the magnetospheric boundary. The generation of hydromagnetic
waves in this region and the propagation of these waves within
the magnetosphere have been considered @f. Dessler, 1958, 1961;

Dessler and Parker, 1959; Coleman and Sonett, 1961; MacDonald,
1961; Sonett, 19@ + Recent Explorer XIV magnetic field data

[Cahill, 1963/ to radiel distances of approximately 100,000 km
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on the dawn side of the earth near the geamagnetic egquatorial
plane (also note Figure 6 at a similar spatiel position) reveal
no such discontinuity in the magnetic field as was observed on
the sunward side of the earth, Consideration of these magmnetic
field measurements is. mendetory in any interpretation of the
asymmetric electron distributions of Figure 6 (for example,
whether or not these electrons are trapped within the geamagnetic
field). Explorer X magnetometer date /Heppner, Ness, Scearce,
and Skillmen, 1963/ at distances beyond 22 Ry toward the night
slde of earth have been interpreted by the experimenters as
implying a megnetic field directed radially toward the night side
and away from the sun within the magnetospheric tail and a dis-
ordered magnetic field external to the tail. This interpretation
has been used to construct the rough approximation of the shape
of the magnetospheric boundary on the evening side of the earth-sun
line in the geomagnetic equatorial plane shown in Figure 2. The
relative position of Gringauz' and Freeman's low energy fluxes
with respect to the interpolated magnetospheric boundary of
Figure 2 would imply that these electron fluxes are at least
temporarily trapped within the geamagnetic field, but a critical
Judgment rests upon knowledge of the detailed character of the
magnetic field in these regions. Hence the results of the large
spatial survey of the gecamasgnetic field by Cahill's apparatus on

Explorer XIV are anxiocusly awaited.
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VII. THE ROIE OF POLARIZATION ELECTRIC FIELDS IN
CHARGED PARTICLE DYNAMICS OF THE MAGNETOSPHERE

The possibility that electric fields may play an important
role in the dynamics of charged perticle motion in the vicinity

of the earth's magnetosphere has been stressed by various authors
/cf. Chapman and Ferraro, 1931-33; Axford and Hines, 1961/.

Indeed such an effect may account for the marked departure from

‘rotationel symmetry of the flux contours of electroas

(E 2 4O keV) at local dawn as shown in Figure 6. The motion:
of charged particles in an inhamogenecus magnetic field snd under
the influence of external forces has been studied previously
Elfve/n, 1950; Spitzer, 19@ . For motion in which the first
adiabatic invariant A = W, /B is conserved, Figure 11
schematically depicts the corresponding drift motion for positive
ions and electrons in an inhomogeneous magnetic field and an
external electric field. These drifts or combinations of these
drifts have provided several authors [c_'f. Kellogg, 1959;

Parker, 1960; Herlofsom, 1962/ with a basic mechanism for
populating the magnetosphere with charged particles by radial
diffusion from a source; an example of such a source might be
found in the vicinity of the magnetospheric boundary. Our
specific realm of interest lies with the Chapman-Ferraro /1933/
and Axford-Hines /I961/ models of the megnetosphere. With
regard to the Chapman-Ferraro model, Vestine /I963/ has called
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attention to the fact that the polarization charge on the dawn and
evening sides of the megngtospheric boundary induced by the flow
of solar plasma through the megnetic field in the vicinity of the
boundary results in an electric field (see Figure 12) across the
cavity which is in a direction which will tend to drive positive
ions and electroms along the boundary toward the earth. Axford
end Hines /1961/ have developed & model of the magnetosphere

in which there is a convective interchange of geamagnetic tubes
of force driven by corotation of the earth's magnetic field and/or
& viscous interaction with the solar wind. The lines of constant
por;éntial of electric polarization for these two physical
situations are displayed in Figure 13; the geophysical situation
may actually be & linear combination of the two effects. An
electron of say 50 keV would then experience a force associated
with its gradient drift, which is f 7 B, and that due to

the polarization electric fields, ef « In the Axford-Hines
model of the magnetosphere if polarization fields predaminate,
the electrons and protons will stream essentially in the direction
of the convection of the magnetic tubes of force (see Figure 13).
Since the gradient drift is energy dependent and the electric
drift 1§ energy independent, the approximately azimuthal
symmetry in the geamagnetic equatorial plane of the distributions
of electrons of energy E ~ 230 keV /Frank and Van Allen,

unpublished/ and the diverse distribution of electrons of energy




21

E S 100 keV may be important parsmeters in determining the
megnitude of polarization electric fields if B and WV B have been
simultenecusly measured and other drifts may be neglected. A
similar study of the spatial distribution of protons would also
be of significance since the direction of the gradient and
electric drifts are charge-dependent and -independent,
respectively. An interesting set of quantitative calculatioms
of the drift paths and energy changes along these paths for
energetic electrons and protons moving in a model magnetosphere
under the influence of gradient drift in an image dipole field
and polarization electric fields induced by a diurnal corotation
of the gecmegnetic field has been calculated by Homes /1963/.

As an example, Hones finds that an energetic electron of

50 keV drifting in the geomagnetic equatorial plane at 7.2 RE
at local noon will drift to 6.2 BE at local midnight. The
spatial and energy distributiom of charged particles within and
near the magnetospheric boundary may become important

instruments in understanding the dynamics of the earth's

magnetosphere,




VIII. SHOCKS, DEFORMATION, AND MOTION OF THE
MAGNETOSPHERIC BOUNDARY

Various camputations of the shepe of the hollow carved
out of the solar plasms flow by the earth's magnetic field have
been performed /Beard, 1960, 19€2; Spreiter and Briggs, 1962 a, b;
Spreiter and Jones, 1963/. In Figure 14 are graphical displays
of the results of three of these computations. Beard's [1960/
result was based upon en interaction between the solar wind and
the earth's magnetic field within a thin current sheath at the
magnetospheric boundary; the shape of the boundary was
determined by equating the pressure due to the solar wind on
the sunward side of the hollow with the energy density of the
dlamagnetically enhanced geomagnetic field just inside the
cavity. The results for a zero temperature and finite
temperature plasma are shown in Figure 1li. Spreiter and
Briggs /1962 a, b/ have performed a similar computation
(see Figure 1k) and more recently, Spreiter and Jones [1963]
have recalculated the form of the cavity utilizing the experi-
mental measurements of the solar wind with Mariner II
[Beugebauer and Snyder, 1963/. The general shape of these
cavities in the geamagnetic equatorial plane are comnsistent
with the known experimentel results (see Figures 2 and 6) but

Heppner and his colleagues /1963/ and Bometti et al. [I963/
have questioned some of the detailed structure of the interface
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on experimental grounds. Except for the single traversal of the
magnetosphere at a geamagnetic latitude of ~ 50° by Mars I, no
direct experimental evidence concerning the form of the hollow in
the meridianal planes at high latitudes 1s available at present.
Kellogg /I962/ (see also Axford [1962/ and Davis, Iist,
and Schluter /I958/ ) has considered the supersonic flow of a
collisionless solar plasme past the magnetospbere which acts as
an obstacle to the flow and results in a shock wave on the sunward
side of the geamsgnetic hollow since any pressure wave of the
frequency range expected, ~ v, / D (D is the dimension of the
"bubble"), can be shown to propagate at velocities less than the
bulk velocity Vo of the solar plasma. The applicabllity to a
collisionless plasma of the ordinary gas shock relationships
vhich are used to construct the shocks of Figure 15 is not
campletely known but apparently can be partially Justified if the
plasma is permested by a weak megnetic field /cf. Spreiter and
Jones, 1963; Cbeyashi, 1962/. Mare recent computations by
Spreiter and Jones /I963/ using en Alfvén Mech mumber M, in the
renge of the observed interplanetary experimental values are
shown in Figure 1k. Recently Freeman /1963/ has reported a
persistent layer of low energy electrons (tens of ergs
( cn sterad sec )'1) located just outside the sunward
magnetospheric boundary near the geomagnetic plane with C4s
total energy detectors on Explorer XII (see Figures 2 and 16).
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This layer has a radial dimension of approximately.2 or 3 RE in
agreement with the aforementioned theoretical results and may
represent more direct experimentel evidence of & shock on the
sunward side of the magnetosPhex'e. If the solar wind and the
sunward side of the eaﬂ.h's magnetosphere are in a state of dynemic:
quasi-stationury equilibrium, it is reasonable to expect that a
radial motion of the sunward boundary would be impressed by the
action of the fluctuating solar wind. Along these lines of
thought, Freeman [1963/ has studied the position of the
magnetospheric boundary, delineated by the radial termination of
fluxes of electrons of energy ~ 40 keV, as a function of time

with instrumentaticn on Explorer XI1 (see Figure 17). Along with

a definite correlation with DS'I' as shown in Figure 17 the
experimenter interprets these data as signifying a campression

of the magnetosphere during the initisl phase of & magnetic

storm, a closer-than-aversge position maintained during the

main phese and an outward motion of the boundary during the
recovery phase. The fluctuation in the radial position of the
boundary is epproximately 2 or 3 RE ebout an average position of
10 RE. It is of interest to also note that the standard surface
parameter for soler plasma activity, Kp , bhas been shown
experimentally to have a positive correlation with the velocity

of the solar wind /Snyder and Neugebsuer, 1963/ and the variability
of the energy fiuxes observed by Explorer XII just outside the sun-

ward side of the magnetospberic boundery /Freemen, 1963/ .
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IX. REMARK ON THE DAWR-EVENING DISTRIBUTION OF
ENERGETIC ELECTRONS IN THE GECMAGNETIC
BEQUATORTAL PLANE

It was noted earlier in our discussion that a preliminary

survey /Frank, Van Allen, and Macagno, 1963/ of emergetic electrons
(40 keV € E < 230 keV) vith Explorer XIV on the dewn side of the
earth at large radial distances ( 4 7 RE) in the geamasgnetic
equatorial plane revealed a large asymmetry in the sgpatiel distri-
butions of electrons within the magnetosphere. These distributions
are closely related to the shape of the magnetospheric boundary,
the nature of the magnetic fields in the vicinity of these charged
particles, and the dynamical processes occurring within the
magnetosphere, A study of the spatial and temporal behavior of
these particle fluxes on the evening side of the earthesun line 1s
thus of significant importance. Investigations of this nature are
now possible by means of data recently acquired with Explorer XIV
in these regions. This study has not edvanced to the stage where
it 1s possible to construct the contours of canstant amnidirectional
intensity of electrons on the evening side of the earth-sun line
as has been done previously on the dawn side in Figure 6; but
several interesting unpublished samples of Explorer XIV data are
presented in Figures 20 through 22. Salient features of these
slices through the earth's magnetosphere are briefly discussed
here. (The graphs are presented in chronological order; apogee
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progresses fram the dawn, through the night, and into the evening
side of the magnetosphere.) Figure 18 shows the crossing of the
megnetospheric boundary at 70,000 km at ~ 800 local time on

6-7 October 1962; Figure 19 displays measurements in the dawn
flange where significant electron fluxes extend beyond the
satellite's apogee radilal ranée of 105,000 km; Figure 20 is
exemplary of measurements in the night side of the magnetosphere
where a dearth of energetic electrons existsbeyond approximately
45,000 km; Figure 21 displays the counting rates of the same
detector at local evening and demonstrates that significant fluxes
of electrons extended beyond apogee in a similar fashion as at
local dawn for this particular pass; Figure 22 presents a late pass

when the satellite's apogee has progressed sufficiently toward

the earthesun direction to allow the instrumentation to pass through
an apparent magnetospheric boundary on the evening side of the |
earth-sun line at 80,000 km. A detailed analysis of the camposite
Explorer XIV data will be of significant importance toward the

understanding of magnetospheric boundery phencmena.
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X. SUMMARY

The highlights of our present experimental and theoretical
knowledge of the megnetospheric boundary have been reviewed.
A significant lack of experimental knowledge concerning the
distribution of charged particles and the nature of the magnetic
fields in the distant magnetosphere exists particularly comcerning
those regions at high geamagnetic latitudes and in the night side
"tail" of the magnetosphere at geccentric radial distances exceed-
ing 17 Ry (cf. Figure 2). Progress has been made in many areas of
study of the magnetospheric boundary, The general shape of the
magnetosphere traced in the geamagnetic equatorial plane as predicted
by the models of Beard /1960/ and Spreiter and his collaborators
[I962 a, b; 1963/ are in substantial, although not camplete,
agreement with the observations of Explorers X, XII, and XIV., Also
a true symmetry about the earth-sun line of the dawn and evening
boundaries in the geomagnetic equatoriel plane is yet to be
shown. There now exists both theoretical and experimental support
for the existence of a shock wave in front of the sunward side of
the earth's magnetosphere as & result of a supersonic solar plasma
flow past the earth's megnetosphere, Recent observations of the
marked azimuthal asymmetries of the distributions of charged
particles of a few tens of kilovolts of energy in the geo-

magnetic equatorial plene of the distent magnetosphere suggest
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that drift motions other than gradient drifts are effective in
these regions and may be attributed to polarization electric
flelds. Such & study of the spatial distributions and temporal
behavior of these charged particles may thus lead indirectly to a
critical exemination of various megnetospheric models such as
those of Chapman and Ferraro [1931-1933/ and Axford and Hines
[1961]. The interlocking dependence of simultaneous charged
particle and magnetic field measurements is easily seen to be
vital throughout the interpretations reviewed in this survey.
The subject of neutral points and possible charged particle
injection mechanisms via the magnetospheric boundary have been
neglected due to the lack of discriminating experimentsl
information. It has been suggested that acceleration of charged
particles exists in the vicinity of the distant magnetosphere
and that the subsequent downflux of these particles along geo-
magnetic lines of force is responsible for various ionospheric
phenamena such as aurorae. Utilization of recent experimental
results cancerning the average energy dumped into the etmosphere
in the form of carpuscular energy and the average energy
avaeilable to the magnetosphere from the solar wind enables us
to estimate the gross efficiency of a magnetospheric acceleration
mechanism in the following manner. The average energy down-
flux of electrons of energy 2 1 keV into the aurcral regions

has been inferred from measurements with the low-altitude satellite
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Injun I as approximately 1 erg (cxn2 sec)'l [O'Brien, 1962/;
via integration over the surface area of the earth where this
dumping is significant { ~ 55° to ~ 75° gecmagnetic latitude),
the average total power output to the earth's atmosphere becomes
approximately 1018 ergs ( sec)™t. The average power input available
to the magnetosphere can be obteined fram the Mariner II measure-
ments /Reugebauer and Snyder, 1962/ of the average solar wind
energy flux, ~ 3 x 107t ergs (cm2 sec)'l, and by assuming the
gross dimensions of the magnetosphere are that of a disk 15 RE
in diameter; the total power input becomes ~ ¥ (15 RE)2 (0.3)
~5x 1019 ergs bec )"l. The efficiency of this "black bax"
magnetosphere for producing the dumped corpuscular radiation
from the energy available fram the solar wind is hence of the
order of 1&8/5 x 10%7 = 2%, a high, but spparently acceptable
efficiency. Thus an acceleration mechanism for producing the
corpuscular radiation cbserved to be dumped into the earth's
atmosphere and located in the distant magnetosphere cannot be
excluded on an energetic basis.
The close passage (41,000 km) of Mariner II past the planet

Venus has been the only opportunity to observe the magnetosphere
of another planet in situ; none of the Mariner II detectors
(electrostatic anmlyzer, magnetameters, G.M. tubes) indicated
the presence of a Venusian magnetosphere /Smith, Davis, Coleman,
and Sonett, 1963; Frank, Van Allen, and Hills, 1963/.




30

Definite progress has been accomplished since the advent
of space probes and earth satellites toward the understanding of
the processes occurring in the vicinity of the magnetospherie
boundary, a region which is intimately associated with the sun
vie the solar wind and which in turn may have a profound influence
upon the phyeics of the upper atmosphere; the next few years of
experimental and theoretical study of these phenomena show great

promise in being fruitful ones.
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FIGURE CAPTIONS

Graphical summary of the trajectories of several probes

and satellities with respect to the earth-sun line and pro-
Jected onto the geamagnetic equatorial plane: Pioneer I1I,
6-7 December 1958; Pioneer IV, 3 March 1959; Iunik II,

12 September 1959; Explorer X, 25-28 March 1961; Explorer VI,
August-October 1959; Explorer XII, August-December 1961;
Explorer XIV, October 1962 to present (July 1963).

Figure 2.

Graphical summary of principal measurements of low

energy charged particles in the geamagnetic equatorial
plane beyond ~ 7 R.

Figure 3.

Comparison of the responses of the similar, heavily

shielded G.M. tubes on Pioneer III and Explorer XII for
simlilar trajectories with respect to the earth-sun line

(see legend at upper left).

Figure L.

Camparison of the responses of similar, heavily

shielded G.M. tubes on Pioneer IV and Explorer XIV for
similar trajectories with respect to the earth-sun line,
The consistently higher response of the Pioneer IV
detector may be due to an enhancement of energetic
electrans (E ~ 50 keV) following pronounced geomagnetic
and solar activity.

Figure 5.

Camparison of the responses of similar, heavily

shielded G.M. tubes on Explorers VI and XIV for similar
trajectories with respect to the earth-sun line. Campare
the distance of onset of negligible response of ~ 45,000 km

with those of Figures 3 and 4.

Figure 6.
(E

Graphical summary of measurements of energetic electroms
2 W keV) in the geamagnetic equatorial plane with

Explorers XII and XIV on the dawn side of the earthe-sun
line (see text).
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Figure 7. Latitude profiles of the intensity of trapped electroms

ocbtained in ten passes with local time between 1200 and 1600
hours (local day) end in eleven passes with local time
between 1900 and 2300 hours (local night) soon efter launch
vhen the satellite was spimning rapidly /after O'Brien,
1963/. Note the variation of these two graphs with respect
to the limit of observed trapped-particle intensity as a
function of increasing L indicated by the lines enveloping
all data points in each graph.

Figure 8. 1Illustrative draswing summerizing experimentsl measure-

ments of charged particles and plausible distortions of

the geamagnetic field in the meridianal plene containing
the earth-sun line. (Mars I energetic electron measurements
have also been included. See text.)

Figure 9, Particle and magnetic field measurements with

Explorer XII for the imbound pess on September 13, 1961.
The CdSB (megnet in aperture) detector count-rate has

been normalized to the energy scale of the CASTE (no
magnet in aperture) detector. The counting rates of

both CdS detectors are nearly linear with energy flux.
Both spectrometer channels (SpL and SpH) have been
corrected for background counts by the subtraction of the
counting rate of the background detector SpB. The CdS
optical monitor (not shown) indiceted that during this
pass the CdS detectors did not have any bright cbjects
within their field of view. F denotes the scalar magnetic
field strength; a the angle between the F-vector and the
spin-axis of the satellite; and y’ the dihedral angle
between the plane containing the F-vector and the spin
axis and the plane containing the spin axis end the
satellite-sun line /after Freeman, Van Allen, and Cahill,
1963/. The experimenters found the measurements consistent
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with an electron flux of 3 x 10°° (cm® sec) ) and with
an energy of 2.6 keV per electron.

Figure 10. Pictorial sumary of cambined results of Picneer I,
Pioneer V, and Explorer XII showing the boundary of the
geamegnetic cavity and the location of the bow wave (after
Bonetti, Bridge, lazarus, Rossi, and Scherb 1963/ ).
Iocel times for these probes are given in the text.

Figure 11. Illustrative diagrem of gradient drift and electric
field drift motions of positive ions end electrons.

Figure 12. [After Chapman and Ferraro, 1933/ The hollow and
the polarization charge distribution formed by the
interacticn of the gecmagnetic field with the solar wind,

Figure 13. An equestorial section of the magnetosphere viewed
fram above the North Pole, showing streamlines for the
case in which the magnetosphere is corotating with the
earth. The streamlines asre also egquipotentials of
electric polerization thet is induced by the
rotation (top figure) /after Axford end Hines, 1961].

The proposed pattern of streamlines in the equatorial plane

(or alternately of the equipotentials of the electric
field) resulting from the motion impressed on the
magnetosphere by a viscous-like interaction with the solar
wind (bottam figure) /after Axford and Hines, 1961/.

Figure 14. Several results of camputations concerning the form
of the hollow produced by the interacticm of the solar
wind with the geamegnetic rield.

Flgure 15, Structure of the flow of interplanetary plasma around
the esrth for various supersonic flow speeds /after
Kellogg, 196Z/. The experimental Alfvén Mach number is
~ 7 (see text).




Figure 16, Explorer XII ocbservations (22 September 1962) of a
region of large electron flux (50 ergs (cn® sterad sec )"1
at meximum) cbserved over a geocentric redial range of
55,000 to 67,500 km lying Just beyond the magnetospheric
boundgry identified by the termination of ~ 50 keV
electron fluxes (SpL) [after Freeman, 1963/ .

Figure 17. The time history of the radial position of the
magnetospheric boundary as determined by the radial
termination of counts above background in the SpL
detector (Explorer XII). Also shown is the Dgp (H)
value fram the Sen Jusn and Honolulu magnetograms
Efter Freeman, 196? .

Figure 18. The first of a series of radial plots of the respomse
of the 213 A detector (E - electroms 2 Lo keV) on
Explorer XIV. The graphs are given in chronological
crder (and hence from local dawn to local evening).
Couversicn factor: J (E 2 40 keV) ~5x 103 R (cmx2 sec)'l.
In this fiigure Explorer XIV crossed the magnetospheric
boundary at 72,000 km on the dewn side of the earth-sun
line. At 60,000 km, the local time was ~ 0830 /after
Frank, Van Allen, and Macagno, 1963/ .

Figure 19. Measurements with the Explorer XIV 213 A electron
detector near the dawn flange. At 60,000 km, the
local time was ~ OLOO /after Frank, Van Allen, and
Macagno, 1963/ .

Figure 20, Measurements on the night side of earth where there
is a dearth of electrons. Note the sudden decrease of
electron intensities at ~ 40,000 km. Local time at
60,000 km vas ~ 2200 /Frank and Van Allen, unpublished/.

Figure 21. An interesting pass through the magnetosphere near
local evening. Note that large, sporadic electron intensities
persist at least to 100,000 km. Iocal time at 60,000 km
vas ~ 1900 /Frank and Van Allen, unpublished/.
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Figure 22. Another 213 A contour, but now with Explorer XIV nearer
to the earth-sun line, in which an apparent traversal of
the evening magnetospheric boundary has occurred. ILocal
time at 60,000 km was ~ 1700 /Frank and Van Allen,

unpublished/ .
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